An electroweak model is formulated in a finite, four-dimensional quantum field theory without a Higgs particle. The W and Z masses are induced from the electroweak symmetry breaking of one-loop vacuum polarization graphs. The theory contains only the observed particle spectrum of the standard model. In terms of the observed twelve lepton and quark masses, a loop calculation of the non-local electroweak energy scale ΛW and ρ predicts the values ΛW (MZ ) = 541 GeV and ρ(MZ) = 0.993, yielding s 2 Z ≡ sin 2 θW (MZ) = 0.21686±0.00097. Possible ways to detect a non-local signal in scattering amplitudes involving loop graphs at the LHC are discussed. Fermion masses are generated from a "mass gap" equation obtained from the lowest order, finite fermion self-energy with a broken symmetry vacuum state. The cross section for W
2
Z ≡ sin 2 θW (MZ) = 0.21686±0.00097. Possible ways to detect a non-local signal in scattering amplitudes involving loop graphs at the LHC are discussed. Fermion masses are generated from a "mass gap" equation obtained from the lowest order, finite fermion self-energy with a broken symmetry vacuum state. The cross section for W
L is predicted to vanish for √ s > 1 TeV, avoiding a violation of the unitarity bound. The Brookhaven National Laboratory measurement of the anomalous magnetic moment of the muon and the residual difference between the measured value and the standard model can provide a test of a non-local deviation from the standard model. e-mail: john.moffat@utoronto.ca
I. INTRODUCTION
Although the standard model has been remarkably successful, as of 2007 no experiment has directly detected the existence of the Higgs boson. After more than forty years of particle physics, we are faced with the fundamental question: What breaks electroweak symmetry? The answer is expected to be provided by the Large Hadron Collider (LHC) at CERN, which will begin operations in 2008.
The Higgs field in vacuum acquires a non-zero value with a constant vacuum expectation value equal to 246 GeV, which spontaneously breaks the electroweak gauge symmetry SU (2) × U (1) [1] . The Higgs mechanism gives mass to the gauge bosons and to the observed leptons and quarks in the standard model [2, 3] . The non-observation of clear signals leads to an experimental lower bound for the Higgs mass of 114.4 GeV at 95% confidence level. The standard model does not predict the Higgs mass but if the mass is between 115 and 180 GeV, then the standard model can remain valid up to the Planck energy scale ∼ 10 16 TeV. It is expected from theoretical arguments that the highest possible mass allowed for the Higgs boson is around ∼ 0.8 − 1 TeV. Supersymmetry models predict that the lightest Higgs boson of several such bosons should have a mass around 120 GeV. The LEP Working Group predicts the Higgs mass to be around m H ∼ 144 GeV based on precision electroweak data, non-observation of the Higgs today and the hypothesis that the minimal standard model is correct [4] . It is expected that the LHC will be able to confirm or deny the existence of the Higgs particle.
In the following, an electroweak model based on a finite gauge field theory [5, 6, 7, 8, 9] begins with an initially SU (2) L × U (1) Y gauge invariant and massless theory for free non-interacting particles. Then a finite, nonlocal interaction possessing an extended gauge symmetry with the infinite-dimensional gauge group G(N L, 4) makes the theory finite to all orders of perturbation theory [9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23] . A dynamical electroweak symmetry breaking measure in the path integral breaks the G(N L, 4) gauge symmetry. The symmetry breaking mechanism allows the W and Z gauge bosons to acquire masses through the lowest order vacuum polarization graphs containing fermion loops, while the photon remains massless. The tree graphs are identical to the standard model, excluding the Higgs particle and they are strictly local, maintaining classical locality and macroscopic causality. The non-local effects in the theory occur only in quantum loops and vanish as h → 0. An experimental signature for the model is that the cross section for W An important signature for discovering the origin of electroweak symmetry breaking is the observation at the LHC of W W scattering. The vanishing of the W L W L → W L W L scattering cross section above ∼ 1 TeV would be a signature for a no-Higgs particle, ultra-violet finite quantum field theory. On the other hand, if the cross sec-tion is observed to be strong above ∼ 1 TeV, then it is saying that possible new strong interactions and the exchange of new intermediary particles are responsible for the electroweak symmetry breaking. If the Higgs particle is observed at the LHC, then the W L W L scattering will not be strong, but at the same time it will not be expected to vanish above ∼ 1 TeV.
The masses of fermions are generated through the mass-gap equation obtained from the lowest order finite, fermion-boson self-energy graph with a broken symmetry vacuum state. The spectrum of particles only contains the observed W , Z and photon particles and the standard quarks and leptons.
The electroweak model based on a finite quantum field theory (FQFT) without a Higgs particle avoids the finetuning (hierarchy) problem associated with the Higgs scalar field radiative corrections. A calculation of the ρ parameter from the finite boson-fermion self-energy loop graphs yields the predictions for the weak mixing angle, sin 2 θ W (M Z ) = 0.21686 ± 0.00097 and the electroweak non-local energy scale Λ W (M Z ) = 541 GeV. A calculation of the muon g − 2 anomalous magnetic moment in the FQFT can provide a means for detecting a non-local deviation from the standard model in perturbative loop diagrams.
II. FINITE NON-LOCAL ELECTROWEAK THEORY
We shall choose units c =h = 1 and the metric diag(η µν ) = (−1, +1, +1, +1). The Lagrangian takes the form:
where L 0 is the local, free kinetic Lagrangian for massless leptons and quarks given by
where
The fields ψ L (x) and ψ R (x) denote local two-component left-handed lepton and quark doublet fields and right-handed lepton and quark singlet fields, respectively, with ψ L = (1/2)(1 − γ 5 )ψ and
and
TheL I is an iteratively defined series of higher interactions which strip the non-locality from the tree graphs.
The non-local interaction Lagrangian density is described by
where g and g ′ are electroweak coupling constants. The W aµ and B µ are the non-local gauge boson fields, while the J µ a and J Y are the non-local weak isospin and hypercharge currents:
where τ a denote the Hermitian Pauli matrices and Y denotes the hypercharge. The Ψ denote the non-local lepton and quark fields in the J The A µ and Z µ are linear combinations of the two fields W 3µ and B µ :
where the angle θ W denotes the weak mixing angle. The electroweak coupling constants g and g ′ are related to the electric charge e by the standard equation
and we use the standard normalization cos
1/2 and g ′ /g = tan θ W . The non-local field operators W aµ , B µ and Ψ are defined in terms of the local operators W aµ , B µ and ψ by
Here,
is a Lorentz-invariant operator distribution whose momentum space Fourier transform is an entire function. We can write
where ℓ ∼ 1/Λ is a small invariant interval and the high Euclidean momentum damping means that the nonlocality has compact support. The Fourier transform of the damping function is defined by
Unitarity conditions require that K(−p 2 /Λ 2 ) is an entire function that does not generate new poles on the physical sheet and that the residue of the physical pole remains unity [9] .
The non-local distribution operator is defined by
where Λ W denotes the electroweak non-local energy scale. We have
Consider, as an example, the stripping of the nonlocality of the tree graphs and the restoration of gauge invariance for the B µ coupling. We have [9] :
where we have for simplicity ignored the left and righthanded structure of the non-local hypercharge current J 
whereθ = E 0 θ. Here, the operator E 0 acts on the product θΨ, while the E 0 inθ acts only upon θ and the E 0 in Ψ acts only upon ψ. We now form the operator O:
The operator O is an entire function of ∂ 2 , so it does not produce any poles in the momentum representation that will violate unitarity.
By using the operator O, we can express the simplest non-local four-point interaction as
The scattering amplitude computed from L 0+1+2 is unchanged from its local point particle antecedent. This comes about because each V 2 vertex contribution to the amplitude can be split into two terms through decomposing the operator O into E 2 0 /∂ 2 and −1/∂ 2 . The first such term cancels the contribution from the corresponding V 1 · V 1 channel, while the second term is the local, point particle contribution for that channel. This process can be extended to higher B µ amplitudes with interactions of the form:
This sums to give the total B µ coupling Lagrangian:
The extended tree graph scattering amplitude is the same as the local, point particle amplitude and the decoupling of unphysical modes is accomplished. The true amplitudes that differ from the point particle ones contain an internal B µ line, which are enhanced by an exponential damping factor for each internal momentum. A modification of the fermionic transformation at each order is
Moreover, the sum of all variations gives
It can be proved that δL = 0 at order g ′ n establishing the gauge invariance under the non-local gauge transformations [9] .
The non-localization of the interaction Lagrangian has resulted in gauge transformations that mix gauge indices and spinor indices at different spacetime coordinates. The action for the B µ coupling is invariant under a transformation of the form
Here, T ∼ 1 + g ′ B + ... is a representation operator that is a spinorial matrix as well as a functional of the vector field B µ :
(32) The transformations do not form a group, because although the gauge group for the B µ field is Abelian on shell, it does not close on commutation unless the fermion fields obey their equations of motion:
However, the transformations are part of an infinitedimensional group G(N L, 4) which includes transformations that vanish in the local limit and only influence the fermi fields.
The non-localization process guarantees gauge invariance to all orders and removes all unphysical couplings to longitudinal vector bosons. It can be extended to the total W , B and ψ electroweak Lagrangian. The fact that the tree graphs of the theory are the purely local point-like graphs protects the classical theory from any violation of macroscopic causality. The non-locality resides only in the loop sectors where a violation of micro-causality is potentially hidden by the uncertainty principle. The loop graphs in FQFT are finite to all orders in perturbation theory.
We could equally well have formulated our non-local Lagrangian as
where now the non-locality is in the free and kinetic energy parts of the Lagrangian and not in the interaction part L I . This will place the non-local form factor on the propagators, whereas in the previous process the non-local form factors were imposed on the vertices. Both processes produce a finite, gauge invariant and unitary QFT to all orders in perturbation theory. Another method is to introduce shadow fields and shadow propagators [12, 13, 18] . This method has been successfully applied to Yang-Mills Lagrangians and to quantum gravity [10, 15, 16, 17, 18] .
We have demonstrated a systematic way of maintaining the gauge invariance of the classically, initially nonlocal massless Lagrangian which consists of two stages. In the first stage, an SU (2) × U (1) gauge invariant interaction-free action is made non-local and then an infinite series of chosen higher interactionsL I is added to the Lagrangian. These added interactions provide the theory with a new nonlinear and non-local gauge invariance which makes Lorentz invariance compatible with perturbative unitarity at tree order. The second stage consists of finding a measure which makes the functional path integral formalism invariant under the non-local gauge symmetry without destroying perturbative unitarity, namely, by finding a measure whose interactions are entire functions of the derivative operator. This measure then yields a functional formalism which defines a set of Green functions which are ultraviolet finite and Poincaré invariant to all orders, and gives scattering amplitudes which are perturbatively finite. The scattering amplitudes are then analytically continued into the Euclidean momentum space.
III. PATH INTEGRAL FORMALISM AND MEASURE FACTORS
The path integral formalism is completed with the expression:
where O is a given operator. All the loop graphs are ultraviolet finite and unitary to all orders of perturbation theory for the non-local gauge invariant Lagrangian. In the limit that the non-local weak scale Λ W → ∞, the path integral formalism becomes that of the renormalizable, local point field theory of massless gauge bosons W and B.
A determination of measures for fermion loops including all lepton, quark, parity and isospin contributions to vacuum polarization loops has been obtained [7] . For the W ± sector, the invariant measure for the fermion loops is given by
Here the sum is over all fermion doublets d, and C d denotes the color factors. The W 3µ and B µ gauge boson invariant measures for the fermion loop sector are given by
where lhf and rhf denote sums over left-handed and right-handed fermions only, respectively. Moreover,
The Ls are given by
We also have
The transverse, gauge invariant vacuum polarization tensor for the W boson has been determined [6, 7] . For the fermion loop sector, we have
where Π T W and Π L W denote the transverse and longitudinal parts, respectively. We obtain Π W by adding together the three contributions Π W 1 , Π W 2 and Π W 3 , where the first term is produced by the standard boson-fermion loop graph, the second by the gauge boson-fermion tadpole graph and the third by the graph associated with the fermion measure factor. The three one-loop vacuum polarization graphs are shown in Figure 1 and Figure 2 , and the measure factor graphs are shown in Figure 3 . The P s are given by
We observe that P 1 and P 2 are proportional to p 2 , so they vanish as p 2 → 0 guaranteeing that Π T (0) = 0 and keeping the gauge bosons W and Z massless.
The measures for the invariant pure Yang-Mills boson loops can be determined. For example, the B µ measure is given by
IV. DYNAMICAL SYMMETRY BREAKING
We must now introduce a method to generate the physical W and Z gauge boson masses. This will be achieved by dynamically breaking the electroweak non-local gauge symmetry by an appropriate choice of the fermion sector measure, so that Π(m 2 phys ) = 0 and a mass is induced at p 2 = −m 2 phys , making the W and B particles massive vector bosons.
To lowest order, we find that the W boson propagator is modified according to
(54) We now have that
It follows that
To lowest order we get
where in our regularized theory Π W (p 2 ) is finite. The mass is defined on the mass shell to be 
The symmetry breaking measure is defined by
The vacuum polarization tensor Π µν (W 3 ) for the W 3 sector is given by
For the W ± sector we have
We get for the B and
The measure µ SB dynamically breaks the non-local gauge invariance and the W and B gauge bosons acquire a finite mass. The relative strength of the neutral and charged current interactions is fixed by means of the standard relation:
where G F is the Fermi constant and
2 W . We obtain from (67) the standard result:
The Lagrangian picks up a finite mass contribution for ρ = 1 from the total sum of polarization graphs:
2 W to be v = 246 GeV. We see that we have the usual dynamical symmetry breaking mass matrix in which one of the eigenvalues of the 2 × 2 matrix in (69) is zero. From (9) and (10), we get for ρ = 1:
V. EVALUATION OF ρ AND ΛW
We shall now calculate ρ and Λ W from the loop diagrams for non-zero lepton and quark masses, m f = 0. We obtain for ρ the result:
Using M W = (1/2)vg, we can obtain an equation that can be solved for the electroweak energy scale Λ W :
The
, and the color factors are C ℓ = 1 for leptons and C q = 3 for quarks.
The quantities that enter the calculations of ρ and Λ W are obtained from the traces of (63) and (64). We have
In the calculation of Λ W and ρ, we include the six observed lepton masses [25] : From (71), it follows that for m f = 0 we get ρ = 1 and for m t → ∞ we obtain ρ = 0.857. The former result corresponds to the tree graph value obtained from the standard model and yields the prediction:
In the calculations of ρ and Λ W the top quark mass m t dominates the calculations. We obtain from (72) the non-local energy scale at the Euclidean on shell value
and for ρ at the Z-pole, we get from (71):
The experimental values of the W and Z boson masses are given by [24, 25] :
This predicts from (68) and (80) the value The non-perturbative solution for the fermion masses is based on a broken vacuum state with ψ ψ 0 = 0 and avoids introducing bare fermion masses in the SU (2) × U (1) gauge invariant zero mass and zero interaction limit. The Lagrangian picks up fermion mass terms:
By choosing α f = α s (M Z ) = 0.117 ± 0.0007, where α s is the strong coupling constant evaluated at the m Z pole, and Λ t = 1.55 × 10 5 TeV, we find for the top quark mass, m t = 171 GeV.
VII. UNITARITY AND THE SCALE OF WLWL SCATTERING
We can separate the Lagrangian into a gauge invariant sector and a symmetry breaking sector
Here, L gauge inv possesses the unbroken G(N L, 4) gauge symmetry with massless, transversely polarized gauge bosons W, Z and γ. L SB describes the dynamical symmetry breaking. In the standard model, the Higgs mechanism ensures that the three Goldstone bosons, w ± and z, couple to the three gauge currents associated with the spontaneously broken symmetry of SU (2) L × U (1) Y . At the same time, it ensures that w ± and z become longitudinal modes of the gauge bosons W ± and Z, which become massive independently of whether the Higgs boson exists or not.
A rigorous bound on the energy dependence of W L W L scattering comes from unitarity. If we set ρ = 1, then the I = J = 0 partial wave amplitude is given by
where s is the square of the center-of-mass energy. Unitarity demands that below 4-body thresholds A 00 ≤ 1, and Re(A 00 ) ≤ 1/2. Both of these conditions are violated above 1.8 and 1.2 TeV, respectively [27] . For s << M 2 SB , where M SB is the typical symmetry breaking mass scale of L SB , we get the amplitude: 
This high energy behavior eventually violates unitarity and the standard local QFT theory without a Higgs particle is non-renormalizable. The inclusion of a Higgs exchange at the scale M SB cancels the "bad" high energy behavior and allows unitarity to be satisfied above ∼ 1 TeV and the theory is renormalizable. In particular, the low energy behavior for s ≪ M 2 SB can be shown to decouple the L SB to all orders.
For our finite non-local electroweak theory, we require that In the non-local QFT with a finite non-local scale Λ W , the partial wave scattering amplitude A ℓ (s, t) (where t is the momentum transfer squared) for the crossed channel in lowest order scattering diagrams will behave badly at high energies. A similar phenomenon occurs in perturbative string theory [28] . To circumvent this problem, it is necessary to re-sum the scattering amplitudes to arbitrary order in perturbation theory. In QFT the on-shell high energy behavior of scattering amplitudes poses difficult questions, for it combines both short and long distance physics. The fixed t, large s behavior of QCD reveals this problem even for the case of fixed angle scattering. For FQFT the exact leading behavior of the scattering amplitude has to be deduced, order by order in perturbation theory, by means of a saddle point calculation. The exponential behavior of string theory scattering amplitudes is unlike the power behavior that holds in QFT. The same is true of the finite loop graphs in non-local QFT. In contrast to perturbative string theory, the FQFT tree graphs behave at high energies as in local, point particle QFT. However, the lowest order behavior of the crossed channel amplitudes in non-local QFT violates the rigorous bound of Cerulus and Martin [29] , which states that |A(s, cos θ)| ≥ exp[− √ s ln s c(θ)]. The proof of this bound uses unitarity, a finite mass threshold gap and the assumption of a polynomial bound in the energy for fixed t of the scattering amplitudes. The polynomial behavior of scattering amplitudes in standard QFT is a consequence of locality. The non-local QFT like string theory manages to be sufficiently non-local to avoid a polynomial bound, yet maintains sufficiently local interactions to preserve causality.
VIII. EXPERIMENTAL SIGNATURES OF NON-LOCAL ELECTROWEAK THEORY
We have seen that at √ s ∼ 0.5 − 1 TeV the non-local scale Λ W becomes significant corresponding to an exponential fall-off of the loop scattering amplitudes in the s-channel. The tree graph scattering amplitudes at large energies are strictly local and have the same high energy behavior as in the standard point QFT. A detection of a non-local behavior in the loop scattering amplitudes at the LHC at √ s > 0.5 − 1 TeV would be an experimental confirmation of non-local QFT. This could be observed in a different high energy behavior of scattering amplitudes involving loop diagrams in, say, photon-proton Compton scattering.
In the standard electroweak model, the quadratic divergence of the Higgs mass radiative correction is a serious problem and has motivated several alternative models beyond the standard model. In the Higgs potential:
the mass parameter µ 2 at tree level (µ 2 > 0 for spontaneous symmetry breaking) is related to the vacuum expectation value v by µ 2 = λv 2 . When radiative corrections are calculated, the mass parameter becomes µ 2 0 + δµ 2 , where µ 2 0 is the bare mass term and δµ 2 is the radiative correction. Since the radiative correction depends on the cutoff scale as Λ 2 C , the fine-tuning between the bare mass term and the radiative correction becomes significant for Λ C > 1 TeV. If the cutoff reaches the Planck energy scale, then the amount of fine-tuning is enormous and a tuning of order 10 32 is needed. This is the source of the naturalness or hierachy problem in standard electroweak theory. Because our FQFT does not possess a Higgs particle, the Higgs fine-tuning problem does not occur.
Because the W , Z and γ tree graphs in FQFT electroweak theory are identical to those of the standard electroweak theory, all the lower energy predictions of the standard model at tree graph level remain the same when the Higgs particle graphs are excluded. One probe of the FQFT is the calculated difference between the experimental and local, standard model theoretical values of the muon a µ = (g − 2)/2 anomaly. The Brookhaven National Laboratory experiment has determined a µ with a much improved accuracy [30] . The experimental value is: (a µ ) exp = 1165208.0(6.3)×10 −10 . The difference between this result and the standard model prediction (a µ ) SM is: (22.4 ± 10) × 10 −10 ≤ δa µ ≤ (26.1 ± 9.4) × 10 −10 . We obtain the bound on a possible non-local QFT contribution for the anomalous magnetic moment of the muon:
From (101) and from our estimated value for the electroweak non-local scale Λ W (M Z ) = 541 GeV, we get the bound:
Thus, a careful calculation of the non-local contribution to a µ could test the prediction of FQFT.
IX. CONCLUSIONS
We have constructed an electroweak model based on a method to make a massless gauge invariant QFT into a non-local theory which is finite, Poincaré invariant, and perturbatively unitary. The method has two stagesclassical and quantum. In the first we make the theory finite by non-localizing its interactions. The violation of unphysical decoupling is then removed at each order by adding an appropriate new interaction. The resulting tree graphs decouple from unphysical modes and the action possesses a generalized gauge invariance in the form of the non-local group G(N L, 4). In the electroweak theory, the new symmetry can be viewed on shell as a nonlocal and non-linear representation of SU (2) × U (1).
The quantum stage of our method consists of finding measures to make the functional formalism invariant, and then to find a path integral measure that dynamically breaks the non-local gauge symmetry to give the W and Z bosons mass while keeping the photon massless. We have also proposed a method for giving leptons and quarks mass through a mass gap equation. This is done directly through the finite fermion self-energy radiative diagram in terms of a fermion mass scale Λ f .
The number of unknown parameters in our extended electroweak theory is reduced by not having an unpredictable Higgs mass but we have a new predicted energy scale parameter Λ W . The number of fermion mass scale parameters Λ f -one for each observed lepton and quarkis the same as occurs in the standard Higgs Yukawa coupling model. This number of undetermined parameters still points to the need for a more comprehensive unified theory of the particle interactions, which would determine the unknown parameters in a fundamental way.
The nice feature of our extended electroweak theory is that it does not increase the number of particles, nor does it extend the number of dimensions as in string theory, yet it preserves Poincaré invariance and a finite electroweak theory.
We have proposed ways to test our FQFT. The vanishing of the cross section for W
TeV should be observable at the LHC. Moreover, the behavior of scattering amplitudes for, say, Compton proton-photon scattering above Λ W ∼ 0.5 − 1 TeV is another way to detect the non-local behavior of finite loop graphs. We have also shown that a calculation of the non-local loop contribution to the muon anomalous g − 2 magnetic moment a µ could reveal the difference between FQFT with Λ W ∼ 0.5 TeV and the standard model calculation of a µ .
If the Tevatron and LHC accelerator experiments fail to detect a Higgs particle, then a physically consistent theory of electroweak symmetry breaking such as the one studied here, in which no Higgs particle is included in the particle spectrum, will be required to understand the important phenomenon of how the W and Z bosons and fermions acquire mass.
